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Ferroelectric materials have attracted great research interests due to their 
extraordinary electrical and electromechanical properties in the past few decades. A 
lot of application such as varactors, phase shifters, tunable filters are fabricated and 
studied. BaxSr1-xTiO3 is one of the promising ferroelectric materials to fabricate 
varactors due to its high dielectric constant, high tunability in an applied electric field 
(or bias) and low loss tangent. The composition x of Ba in the specimen determines 
the Curie temperature (or Curie point) at which BaxSr1-xTiO3 undergoes a phase 
change between paraelectric and ferroelectric. 
In this thesis, Ba0.5Sr0.5TiO3 (BST) which has a Curie temperature at room 
temperature is chosen to fabricate a room temperature varactor with low loss in high 
frequency. Varactor can be made as a planar structure, the co-called “planar capacitor” 
or as a parallel plate “sandwich” structure. In this work, parallel plate structure is used 
because relatively small dc voltages (1-20 V) are sufficient to achieve effective tuning. 
Pulsed laser deposition (PLD) was used as the main fabrication method to deposit the 
BST thin films and La0.7Sr0.3MnO3 (LSMO) thin films. The Au thin films are 
deposited as electrodes by ion sputtering. Lithography and wet etching are conducted 
to pattern the top electrode.  
We focused our research on investigating the correlation between the bottom 
electrode and the dielectric properties of the BST thin films. Three types of 
 VI
Ba0.5Sr0.5TiO3 (BST) thin film parallel plate varactor (BST/LSMO, BST/Pt and 
BST/Au) with different bottom electrodes are studied. The electrodes that are used are 
perovskite conducting oxide LSMO, Pt and Au. For the BST/LSMO varactor, a 
special study of deposition temperature effect on surface roughness of LSMO is 
studied in order to grow high quality BST thin film on the LSMO bottom electrode 
layer. 
Dielectric constant and loss versus applied bias are characterized by impedance 
analyzer from 0 to 20 voltages. Dielectric constant and loss versus frequency under 
different applied bias are characterized in the frequency range from 200MHz to 
10GHz by Vector Network Analyzer. The dielectric dispersion as a function of 
frequency is attributed to the increase of the effective separation length between top 
and bottom electrodes which is arising from the voltage drop across the bottom 
electrode in a varactor. The main source of the varactor loss is due to the resistance of 
bottom electrode. Varactors using Pt or Au as a bottom electrode have relatively small 
loss factor and frequency independent dielectric constant, and hence they are suitable 
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1.1 Ferroelectric materials and applications 
Ferroelectric materials have drawn a lot of attention for their excellent 
pyroelectric, piezoelectric, photorefractive, radiation-hard, acoustic and dielectric 
properties. The term ferroelectric is used in analogy to ferromagnetism, in which a 
material exhibits a permanent magnetic moment. Ferromagnetism was already 
known when ferroelectric was first discovered. Thus, the prefix "ferro", meaning 
iron, was used to indicate the property despite that fact that most ferroelectric 
materials do not have iron in their lattice. For some ferroelectrics, iron contaminants 
will reduce their long term reliability. Ferroelectric property materials was first 
found in 1921, in Rochelle salt single crystal (potassium sodium tartrate--KNa 
(C4H4O6)·4H2O). This crystal has very good piezoelectric properties and was used 
for many years before new ferroelectrics emerged. During the World War II, 
ferroelectric materials were fully developed and new material (BaTiO3) with high 
permittivity was found. After this breakthrough, many applications and development 
have been made.  
Piezoelectricity is the ability of some materials (notably crystals and certain 
ceramics) to generate an electric charge in response to applied mechanical stress. 
This property can be used in high voltage and power sources, sensors, miniature 
motor and etc.  
Pyroelectricity is the ability of certain materials to generate an electrical 
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potential when they are heated or cooled. As a result of this change in temperature, 
positive and negative charges move to opposite ends through migration (i.e. the 
material becomes polarized) and hence, an electrical potential is established. Passive 
infrared sensors are often designed around pyroelectric materials, as the heat of a 
human or animal from several feet away is enough to generate a difference in charge.  
The photorefractive effect is a nonlinear optical effect seen in certain crystals 
and other materials that respond to light by altering their refractive index. The effect 
can be used to store temporary, erasable holograms and is useful for holographic 
data storage. For example the material KH2PO4 (KDP), which is first reported by 
Busch and Scherrer in 1935[1], can be combined with a birefringent crystal to form 
an optical information storage and laser stochastic sweep displays. 
The ferroelectric materials have high dielectric constant which can be used in 
semiconductor industry in fabricating the MOSFET device. This kind of materials is 
called high-k materials with the potential to replace silicon dioxide. Hysteresis in the 
“polarization versus electric field” property can be used to make ferroelectric RAM 
for computers and RFID cards. Ferroelectric RAM (FeRAM or FRAM) is a type of 
non-volatile computer memory. It is similar in construction to DRAM, which is 
currently used in the majority of a computer's main memory, but uses a ferroelectric 
layer to achieve non-volatility.  
Beside the material and application mentioned above, a part of the most widely 
used and researched ferroelectric structural types, compositions, applications and 
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Table 1.1 Ferroelectric Material and Applications [2] 
Examples of applications in the field of microwave engineering include 
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field-dependent capacitors, tunable resonators, phase shifters, frequency-agile filters, 
variable power dividers and variable-frequency oscillators. Nonlinear applications 
such as harmonic generation, pulse shaping, mixing and parametric amplification are 
also a possibility. Such components have a wide range of applications in many 
communication and radar systems. For example, variable-phase shifters, one of the 
first and simplest components to be made with ferroelectrics, are used in antenna 
arrays in order to produce a beam scanning function. It is possible to integrate 
ferroelectric materials to produce complex electronically steerable antenna arrays with 
applications in both military and commercial radar and communication systems. 
Electronically controlled filters can be produced with applications of interference 
suppression, secure communications, dynamic channel allocation, signal jamming and 
satellite and ground-based communications switching. Many new systems concepts 
will appear as high-performance materials emerge, and these systems will have 
considerably improved performance over conventional systems. 
1.2 Tunable thin film device 
Due to various reasons related to both device electronics and materials technology, 
it is only in the past decade that intensive development efforts are being made in 
ferroelectric thin film [10, 11]. Ferroelectric thin films (BaTiO3, PbTiO3, PLZT, 
KNbO3, Sr1-xBaxNb2O6 and Sr1-xBaxTiO3) have been studied and developed rapidly 
since a few decades ago. There are several reasons for the increasing importance of 
ferroelectric thin films. First, the trend toward miniaturization of electronic 
components has led to the development of thin film ferroelectric devices performing 
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the same electronic functions, with only a fraction of the volume of the devices based 
on bulk ceramic or single crystal elements. Secondly, ferroelectric thin films are fast 
replacing the expensive single crystal ferroelectrics. Thin films have the additional 
designing advantages of a small volume and a large geometrical flexibility over single 
crystals. At last, new areas of application are being identified that utilize new device 
concepts, exploiting properties that are unique to both thin films and ferroelectric 
materials. For the thin film, the change in dielectric constant as a function of electric 
field is the key to a wide range of applications. Despite the large potential of this 
technology there have been few demonstrations of useful devices. There are a number 
of reasons for this [12]: (i) The large loss tangents of the practical ferroelectric 
materials result in low Q resonators and lossy delay lines. (ii) The large dielectric 
constants result in low impedance transmission lines and problems with surface wave 
modes. (iii) The design of complex bias networks is difficult. However, a number of 
microwave circuits have been produced. In 1987, ferroelectric nonvolatile memory 
integrated with silicon complementary metal-oxide semiconductor (CMOS) was 
demonstrated [13]. Another device is phase shifter. The phase shifter is by far the 
simplest component that can be produced by ferroelectric materials and hence it has 
been reported by a large number of laboratories. It simply consists of a ferroelectric 
transmission line of appropriate length. The transmission line must be matched to the 
external 50 Ω systems and have a low loss. It must also have large phase shifts, 
preferably of 360°, with low applied voltage. Depending on the application, the power 
requirements may be severe. A number of devices have been demonstrated based on 
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thin film technology [14, 15]. For the filters, despite frequency agile filters being of 
paramount importance in microwave systems, surprisingly few ferroelectric filters 
have been produced. Figure 1.1 shows three frequency-agile filters based on the use of 
ferroelectric thin films. Filters have been demonstrated with coplanar, microstrip and 
waveguide [16] technologies. Figure 1.1(a) shows layout of the three-stage HTS 
tunable filter with patterned ferroelectric thin film on LaAlO3 single crystal substrate 
[17]. Figure 1.1(b) shows a bandstop filter based on a conventional transmission line 
coupled to a single crystal STO resonator with YBCO deposited on both sides [18]. 
Figure 1.1(c) shows the layout of a dual-spiral bandpass filter with a 633 MHz centre 
frequency and a 7% bandwidth [19]. 
 
Figure 1.1 Three ferroelectric filters: (a) tunable thin-film filter [17]; (b) single-crystal 
STO bandstop filter [18]; (c) thin-film microstrip filter [19]. 
In the above discussion a dc or low-frequency bias has been assumed to be 
applied to the ferroelectric material in order to change its dielectric properties. 
However, ferroelectric materials respond very rapidly and can react to the microwave 
signal amplitude itself. The application of the microwave signal itself alters the 
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dielectric constant and therefore the propagation conditions of the signal; this 
nonlinear effect causes a distortion. For signals of small amplitude, this effect is small. 
But for large-amplitude signals this may be a significant problem. This nonlinear 
property of ferroelectrics can be used in principle for many devices, for example 
harmonic generators, parametric amplifiers, limiters, modulators and other nonlinear 
components. A harmonic generator using BaxSr1-xTiO3 was demonstrated as early as 
1961 [20]. This generator operated at a fundamental frequency of 3 GHz with a 
conversion to 9 GHz using the ferroelectric material. An efficiency of 8.5% with an 
input power of 2.2 kW was obtained. Although much of the recent device work is not 
concerned with such high powers, the principle of operation of this generator is of 
interest to research of today. 
1.3 The objective of the study 
Being a special function electronic material, ferroelectric material has two basic 
properties: spontaneous polarization and reversibility under applied bias. Though 
there are over 200 kinds of ferroelectric material have been reported [21], potential 
candidate for integrated ferroelectric units is few. Unlike bulk material, thin film 
material has one more effect factor which is the relationship with substrate, bottom 
electrode, buffer layer and etc. The epitaxial growth of thin film is very important to 
the function of ferroelectric thin film.  
BaxSr1-xTiO3 is one of the best perovskite structure candidates for applications 
because of its high dielectric constant and relative low loss. Different proportion of 
Ba and Sr of BaxSr1-xTiO3 has different Curie temperature where the BaxSr1-xTiO3 
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undergoes a phase transition between paraelectric and ferroelectric. Ba0.5Sr0.5TiO3 
(BST) has a Curie temperature near room temperature. Actually the ferroelectric 
devices we used are usually working under paraelectric phase. So BST is suitable for 
room temperature device study.  
In our work, we study the effect of bottom electrode to the performance of 
varactor working in microwave frequency range. The quality of thin film structure 
and resistance are investigated. An explanation was given for the dielectric 
dispersion as a function of frequency.  
A brief outline of this thesis is given as follows: 
First, a brief introduction about this study, including applications, background 
information and our motivations, is given in Chapter 1. Systematical reviews about 
the basic understanding of ferroelectric material, theories of high frequency 
electromagnetism and previous investigations on BST for microwave applications 
are listed in Chapter 2. During this research, various measurements are required for 
the evaluation of BST varactor. Therefore, before the engagement of this 
investigation, Chapter 3 will be preceded with the introduction of experimental 
techniques used in this work, including the samples fabrication, characterization 
techniques and data analysis methods. Based on the review of previous 
investigations in Chapter 2, we design and fabricate BST/LSMO, BST/Pt and 
BST/Au varactors to study the relationship between bottom electrode and 
permittivity as well as loss tangent. Thus Chapter 4 will continually introduce the 
detailed fabrication process in this varactor study and the structure information. 
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Chapter 5 will systematically report the effect of bottom electrode on dielectric 
property of high frequency ferroelectric parallel plate varactor. Finally, the thesis is 
completed with Chapter 6, conclusion about the varactor dielectric properties under 
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2.1 Theory of ferroelectrics 
The reason why ferroelectric materials have so many outstanding properties 
would be found out from its crystal structure. Fundamentally speaking, the nature of 
the ferroelectric property is caused by crystal spontaneous polarization. Spontaneous 
polarization is defined by the value of the dipole moment per unit volume, or by the 
value of the charge per unit area on the surface perpendicular to the axis of 
spontaneous polarization. For example, Figure 2.1 shows the crystal structure of the 
ferroelectric material BaTiO3. Above the Curie temperature, the prototype crystal 
structure is cubic. Below the Curie temperature, the centre of cubic move up or down 
to form a polarization. 
 
Figure 2.1 The crystal structure of perovskite-type BaTiO3 material. Below the Curie 
temperature, there is a spontaneous polarization due to the bias of cubic centre. 
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In physics, the ferroelectric effect is an electrical phenomenon whereby certain 
materials may exhibit a spontaneous dipole moment, the direction of which can be 
switched between equivalent states by the application of an external electric field. 
Since electrical properties are strongly correlated with the crystal structure, the axis 
of spontaneous polarization is usually a crystal axis.  
Although a crystal with polar axes exhibits piezoelectric effect, it does not 
necessarily have a spontaneous polarization vector, because the net result of electric 
moment along all polar axes may be equal to zero. Therefore, only a crystal with a 
unique polar axis exhibits a spontaneous polarization vector Ps along this axis. In 
general, this spontaneous polarization cannot directly be measured from the charges 
on the surfaces of the crystal, because these charges are compensated by external 
and/or internal carriers carrying an electric current, or by charges on the boundaries 
of twins. The value of the spontaneous polarization Ps depends on temperature. As 
temperature changes, a variation of the charge density can be observed on those 
surfaces of the sample which are perpendicular to the unique polar axis in a crystal 
without twins, or in a poled poly-crystal (ceramic) with oriented grains. This is the 
pyroelectricity in crystals exhibiting spontaneous polarization. Most pyroelectric 
crystals exhibit a spontaneous polarization Ps in a certain temperature range and the 
direction of Ps can be reversed by an external electric field. Such crystals are called 
ferroelectric crystals. Ferroelectricity was discovered as recently as 1921 by Valasck 
in Rochelle salt. From a physical point of view, ferroelectric crystals are those 
crystals which possess one or more ferroelectric phases. The ferroelectric phase is a 
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particular state exhibiting spontaneous polarization which can be reoriented by an 
external field. A reversal of polarization is considered as a special case of the 
polarization reorientation. In general, uniform alignment of electric dipoles only 
occurs in certain regions of a crystal, while in other regions of the crystal 
spontaneous polarization may be in the reverse direction (such as in twinning). Such 
regions with uniform polarization are called ferroelectric domains. The interface 
between two domains is called the domain wall. The ferroelectric domains were first 
demonstrated in a study of spontaneous birefringence [1, 2].  
Another important characteristic of ferroelectrics is the ferroelectric hysteresis 
loop. The polarization P is a double-valued function of the applied electric field E. A 
ferroelectric hysteresis loop can be observed by means of a Sawyer-Tower circuit [3]. 
Firstly, the sample is applied with a small electric field, there is only a linear 
relationship between P and E, because the field is not large enough to switch any 
domain and the crystal will behave as a normal dielectric material (paraelectric). 
This case corresponds to the segment OA of the curves in Figure 2.2.  
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 Figure 2.2 A typical P-E hysteresis loop in ferroelectrics 
As the electric field strength increases, a number of the negative domains (which 
have a polarization opposite to the direction of the field) will be switched over in the 
positive direction (along the field direction) and the polarization will increase rapidly 
(segment AB) until all the domains are aligned in the positive direction (segment 
BC). This is a state of saturation in which the crystal is composed of just a single 
domain. As the field strength decreases, the polarization will generally decrease (at 
the point D in the figure) but does not return back to zero. When the field is reduced 
to zero, some of the domains will remain aligned in the positive direction and the 
crystal will exhibit a remnant polarization Pr. The extrapolation of the linear segment 
BC of the curve back to the polarization axis (at the point E on the vertical axis in 
Figure 2.2) represents the value of the spontaneous polarization Ps. The remnant 
polarization Pr in a crystal cannot be removed until the applied field in the opposite 
(negative) direction reaches a certain value (at the point F in the figure) The strength 
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of the field required to reduce the polarization P to zero is called the coercive field 
strength Ec. Further, increase of the field in the negative direction will cause a 
compete alignment of the dipoles in this direction and the cycle can be completed by 
reversing the field direction once again. Thus the relation between P and E is 
represented by a hysteresis loop (CDFGHC) as shown in Figure 2.2. Recent years’ 
study shows that the there is anisotropy effect in the hysteresis loop, especially in 
thin film structure. The anisotropy is caused by the stress imposed by substrate or 
interface effect. Interdigital electrode and parallel plate electrode are often used to 
measure the microwave properties. The former method measures mainly in-plane 
dielectric properties while the later one measures the out-plane properties. The result 
could be different by these two methods if the sample is dielectric anisotropy. 
Placing a ferroelectric material between two conductive plates creates a 
ferroelectric capacitor. Ferroelectric capacitors exhibit nonlinear properties and 
usually have very high dielectric constants. The fact that the internal electric dipoles 
can be forced to change their direction by the application of an external voltage gives 
rise to hysteresis in the "polarization versus voltage" property of the capacitor. In 
this case, polarization is defined as the total charge stored on the plates of the 
capacitor divided by the area of the plates.  
Temperature of phase transition so called Curie point Θc is another important 
characteristic of ferroelectrics. When the temperature decreases through the Curie 
point, a ferroelectric crystal undergoes a structural phase transition from a 
paraelectric phase to a ferroelectric phase. It’s generally believed that the 
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ferroelectric structure of a crystal is created by a small distortion of the paraelectric 
structure such that the lattice symmetry in the ferroelectric phase is always lower 
than that in the paraelectric phase. When the temperature is in the vicinity of the 
Curie point, thermodynamic properties (such as dielectric, elastic, optical, and 
thermal properties) of a ferroelectric crystal show anomalies and the structure of the 
crystal changes. For example, the dielectric constant in most ferroelectric crystals 
has a very large value near their Curie points. This phenomenon is usually called the 
dielectric anomaly.  
2.2 Measurement of dielectric properties in microwave frequency 
To measure the dielectric properties of ferroelectrics at microwave frequencies, 
the ferroelectric thin film under test is usually fabricated into microwave device, and 
the dielectric properties of the thin film are derived from the device properties. These 
devices are discussed briefly below. 
In a transmission line method, the thin film sample is usually fabricated into a 
coplanar waveguide. The εr and tanδ of the thin film are derived from the phase and 
amplitude of the transmission coefficient of the coplanar waveguide. Two approaches 
are often used to apply the dc bias voltages. One approach is to apply the bias voltage 
across the two ground planes of the coplanar circuit [4]. In this approach, the two 
ground planes are dc isolated from each other. The disadvantage of this approach is 
that it is difficult to achieve good grounding for the transmission line. Another 
approach is to apply the bias voltage to the signal trace of the coplanar waveguide. In 
this case, bias tees are often used to isolate the microwave instruments and the dc bias 
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voltage source. The advantages of coplanar waveguide method are that it only 
requires one layer of metallization and its wide measurement frequency range; 
however its accuracy and sensitivity are usually not very high. 
In the resonator method, the ferroelectric thin film under study is usually 
fabricated into a coplanar resonator. The εr and tanδ of the ferroelectric film are 
deduced from the resonant frequency and Q factor of the coplanar resonator. The bias 
voltage can be directly applied to the resonator through the electric field node of the 
resonator or/and an rf choke. Resonator methods usually have higher accuracy and 
sensitivity, but measurements can only be conducted for a single or several discrete 
frequencies, i.e. at the fundamental and harmonic resonant frequencies. 
In the capacitor method, the ferroelectric thin film is fabricated into a capacitor, 
and the εr and tanδ of the thin film are derived from the capacitance and Q factor of 
the capacitor.  
The capacitance and Q factor of a capacitor at radio frequency and microwave 
frequencies are often measured by integrating the capacitor into a transmission line or 
a resonant structure. If the capacitor is integrated into a transmission line, the 
capacitance and Q factor of the capacitor can be derived from the phase and amplitude 
of the transmission coefficient through the transmission line. If the capacitor is 
integrated into a resonant structure, the capacitance and Q factor of the capacitor can 
be deduced from the resonant frequency and Q factor of the resonant structure. The dc 
bias voltage is often applied between the two electrodes of the capacitor. 
The planar circuit methods are usually destructive in the sense that metallization 
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has to be coated on the ferroelectric thin film. Having a non-destructive testing 
method is desirable for device fabrication as it allows the confirmation of the thin film 
properties before committing the resources to fabricate it into a device. 
2.3 Varactor Design 
Two different types of varactors, planar (interdigital) [5, 6] or parallel-plate [7], 
are possible using BST thin films. The cross section sketch is similar with figure 2.3. 
 
Figure 2.3 a) Planar and b) parallel-plate capacitors based on BST film. Notice that 
the bottom electrode was partly uncovered in b). 
For the interdigital capacitors, BST films are directly deposited on the appropriate 
substrate followed by top interdigital electrode metallization. In general, interdigital 
devices are simpler to fabricate and integrate into circuits, but suffer from reduced 
tunability (due to large fringing electric field in the air) and higher control voltages. 
Having smaller spacing between the fingers can further increase available tunability at 
lower voltages, but requires more accurate fabricating technology. Typical operating 
voltages for interdigital capacitors are in the range of hundreds voltage. The parallel 
plate capacitors, on the other hand, can be operated with much lower bias voltages, 
making them attractive for most microwave and millimeter-wave applications [8]. For 
parallel plate capacitors, BST films are deposited directly on a bottom electrode on 
substrate. Then the top electrodes are defined creating metal-insulator-metal (MIM) 
structures. The distance between the electrodes is basically the BST film thickness 
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and much shorter than the spacing in the interdigital structures. That’s why the control 
voltages typically scale with the film thickness. Also tri-layer structures offer a higher 
tunability compared to interdigital structures since the electric fields are better 
confined in the film. The control voltage or power handling capacity is easily 
manipulated through control of the material thickness, but the integration of bottom 
electrodes and other structures require more detailed fabrication. Figure 2.4 shows 
tunability curves for typical BST parallel plate structures. Since higher tunability can 
be obtained at relatively much lower bias voltages, the parallel plate capacitors offer 
more flexibility in many circuit applications. 
 
Figure 2.4 Field dependence of the dielectric constant and loss tangent of BST, 
characterized by impedance analyzer. 
 
Silicon and LaAlO3 (LAO) single crystal are carefully chosen as the substrate for 
the following thin film deposition. Silicon and LAO has a low loss tangent making it 
suitable for microwave applications. Also large area silicon substrates are available at 
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relatively low cost. 
The temperature requirement to deposit the BST films in an oxygen environment 
is typically in the range of 600-800 ºC, making the bottom electrode choice crucial. 
Most integration schemes for perovskite dielectrics use noble metal or metal-oxide 
electrodes in combination with a deposited diffusion barrier material at the 
electrode/plug interface for DRAM applications [9]. High conductivity metals, such 
as Pt [10], Cu [11] and Au [12] have been considered. In this work, LSMO, Pt and Au 
are used as bottom electrode. Sputtering of Pt and Au are available in Department of 
Physics at National University of Singapore. LSMO has similar lattice parameters 
with BST we are going to study. So we expect high quality epitaxial BST layer on 
LSMO. Besides, LSMO is commonly used in Centre for Superconducting and 
Magnetic Material lab. A mature deposition procedure has already been developed.  
One of difficulty involves adhesion of the Au electrode to the substrate, 
sometimes leading to process-induced delamination or hillock. Special care must be 
taken for the development adhesion layers to solve this problem. 
Lithography is the key facility to pattern the top electrode. Since the minimum 
capacitance required, the size of the top electrode is in micron scale. Lithography is 
necessary for accurate fabrication and alignment. In this work, positive photoresist 
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3.1 Pulsed laser deposition 
There are several options for fabricating ferroelectric films, such as pulsed laser 
deposition, sputtering, screen printing, sol-gel and metal-organic chemical vapor 
deposition (MOCVD) [1-7]. The deposition techniques used in this thesis are pulsed 
laser deposition (PLD) and ion sputtering. 
Pulsed laser deposition (PLD) is a thin film deposition which is one of a physical 
vapor deposition (PVD) technique. This deposition method uses a high power pulse 
laser beam is focused inside a vacuum chamber to strike on a target of the desired 
composition. Material is then vaporized from the target and deposited as a thin film on 
a substrate, such as a silicon wafer facing the target. This process can occur in ultra 
high vacuum or in the presence of a background gas, such as oxygen which is 
commonly used when depositing oxides to fully oxidize the deposited films. 
While the basic-setup is simple relative to many other deposition techniques, the 
physical phenomena of laser-target interaction and film growth are quite complex (see 
Process below). When the pulsed laser is absorbed by the target, energy is first 
converted to electronic excitation and then into thermal, chemical and mechanical 
energy which results in evaporation, ablation, plasma formation and even exfoliation 
[8]. The ejected species then expand into the surrounding vacuum in the form of a 
plume containing many energetic species including atoms, molecules, electrons, ions, 
clusters, particulates and molten globules, before depositing on the typically hot 
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substrate. 
The history of laser-assisted film growth started soon after the technical 
realization of the first laser in 1960 by Maiman. Smith and Turner [9] utilized a ruby 
laser to deposit the first thin films in 1965, three years after Breech and Cross studied 
the laser-vaporization and excitation of atoms from solid surfaces. . However, the 
deposited films were still inferior to those obtained by other techniques such as 
chemical vapor deposition and molecular beam epitaxy. In the early 1980’s, a few 
research groups (mainly in the former Union of Soviet Socialist Republics, USSR) 
achieved remarkable results on manufacturing of thin film structures utilizing laser 
technology. The breakthrough came in 1987 when Dijkkamp and Venkatesan were 
able to laser deposit a thin film of YBa2Cu3O7, a high temperature superconductive 
material, which was of more superior quality than films deposited with alternative 
techniques. Since then, the technique of Pulsed Laser Deposition has been utilized to 
fabricate high quality crystalline films. The deposition of ceramic oxides, nitride films, 
metallic multilayers and various superlattices has been demonstrated. In the 1990’s 
the development of new laser technology, such as lasers with high repetition rate and 
short pulse durations, made PLD a very competitive tool for the growth of thin, well 
defined films with complex stoichiometry. 
Compared to other deposition techniques PLD has many advantages [10], which 
are listed as follow:  
1)  Good ability to fabricate thin film with very complex compositions from bulk 
materials;  
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2)  Relatively high growth rate of about 1 – 5 Å per pulse;  
3)  Decoupled laser energy source from deposition environment;  
4)  No ultrahigh vacuum requirement;  
5)  Wide range of ambient reactive gas pressures (from 10-7 to 1 mbar);  
6)  Relatively simple fabrication setup for in-situ growth of different material with 
multilayer structure; 
7)  Reduced film contamination due to the use of light for promoting ablation.  
However, PLD also has its limitations, such as: 
1) Relative small deposition area;  
2)  Existence of large particulates that was ejected from the target. 
However, deposition area can be increased to a certain extent by sweeping laser 
beam across target, while large particulates can be easily filtered by using a suitable 
spinning disc containing an aperture synchronized to the laser pulses.  
In contrast to the relatively simple experimental setup for PLD, the theory of 
PLD mechanism is highly complex. Detailed explanations on the theory and 
mechanism of PLD can be found in references such as [11]. 
Figure 3.1 shows the diagram of a typical PLD system. We used a high energy 
KrF excimer laser (pulse duration 30 ns, wavelength 248 nm, Lambda Physik Lextra 
200). The laser is first reflected by a mirror and then focused through a focusing lens 
outside the vacuum chamber. The target holder is customized such that it can hold up 
to 2 different targets inside the chamber. This would enable us to grow different thin 
film layers without breaking the vacuum by rotating the holder to the desired target 
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[12]. This would also help to keep the sample clean during the deposition. The target 
rotates around its axis during deposition to minimize the large particulate splashing 
effect and to achieve a more uniform ablation of the target. The distance between the 
target and the sample is around 4 cm. The chamber can be pumped down to a vacuum 
of around 1×10
-6 
mbar by a turbo molecular pump backed by a rotary pump.  
 
Figure 3.1 A schematic drawing of the pulsed laser deposition (PLD) system. 
All the varactor thin film samples mentioned in this dissertation were deposited 
on commercial 0.5 mm thick, single-side polished LAO substrate (bought from Hefei 
Kejing Materials Technology Co. Ltd., Anhui, P.R.C) with <100> surface orientation. 
It is necessary for the substrate surface to be very clean prior to the deposition process 
to ensure fabrication of good quality thin film. The substrate was cleaned by first 
immersing it in an acetone (purity > 99.8 %) ultrasonic bath for 10 minutes to remove 
organic contaminants. Then it was flushed thoroughly with running distill water, and 
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immersed in a 10 % (by volume) nitric acid ultrasonic bath for 10 minutes to remove 
inorganic contaminants. The substrate was then again flushed thoroughly with running 
distill water, and immersed in acetone ultrasonic bath for 10 minutes. The substrate 
was then transferred to and stored in high purity ethanol (> 99.9 %) until it is ready to 
be loaded into the vacuum chamber. Before loading into the chamber, the substrate 
was blown dry using compressed nitrogen gas. The substrates were adhesively 
attached to sample holder (resistive heater) by applying a thin layer of silver paste.  
As the BST thin films fabricated in this thesis were for the fabrication of 
microwave devices, the deposition parameters were optimized for the best crystal 
quality which was measured using the characterization method described in chapter 3. 
The BST thin films were deposited with the following optimized parameters: energy 
density of 2.5 J/cm2, target to substrate distance of 4.3 cm, temperature at 760°C and 
oxygen pressure at 0.2 mbar. The deposition time is 30 minutes with the laser pulse 
repetition rate at 3Hz. After deposition, the BST thin film was annealed at 700°C for 
30 minutes at oxygen pressure of 1 bar. The detailed procedure of the thin film 
deposition process is listed in appendix 1.  
3.2 Crystal and microstructure characterizations  
In this section, the methods used to characterize the varactor thin film samples 
mentioned in this dissertation are reviewed.  
3.2.1 X-ray diffractions  
X-ray scattering techniques are a family of non-destructive analytical techniques 
which reveal information about the crystallographic structure, chemical composition, 
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and physical properties of materials and thin films [13]. These techniques are based 
on observing the scattered intensity of an x-ray beam hitting a sample as a function of 
incident and scattered angle, polarization, and wavelength or energy. Gonio (θ-2θ) 
scans were used to identify the crystalline phase and determine the out-of-plane 
crystal orientation of the deposited film. In Gonio scan, an x-ray beam was incident 
on sample at an angle of θ with respect to the surface of the sample. The x-ray was 
then diffracted by the crystal lattice of the samples. The intensity of the diffracted 
beam at an angle of 2θ with respect to the incident beam is measured to obtain the 
intensity versus θ or 2θ diffraction spectrum. Peaks can occur in the diffraction 
spectrum at values of θ where the Bragg’s equation is satisfied, i.e.:  
                 nλ =2dsinθ,                   (3.1) 
where n is an integer, λ is the X-ray wavelength and d is the distance between adjacent 
crystal planes with the same Miller index.  
The XRD measurements presented in this dissertation were carried out using the 
Philips PW1710 based diffractometer controller (Philips Analytical X-ray, B. V., 
Almelo, Netherlands) at Department of Physics, National University of Singapore. 
The diffractometer used a PW2273/00 X-ray source with PW1729/40 high tension 
generator set at 30 kV and 20 mA to produced mainly copper Kα1 radiation (λ = 
1.54056 Å) with a small amount of Kα2 radiation (λ = 1.54439 Å). The diffractometer 
used the PW1820 goniometer with PW1768 specimen holder. A PW1397/60 theta 
drive1 was mounted on the goniometer for rocking curve measurement. A 
PW1711/10 xenon filled proportional counter1 with a PW1752 graphite 
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monochromator1 was used to detect the diffracted X-ray. Control of the 
diffractometer and data collection/analysis was done using a personal computer 
running the PC-APD (PW1877) (Version 3.6B) XRD peak analysis software. 
Functions of the software include peak search, curve smoothing, Kα2 stripping and 
background subtraction. The θ-2θ scans were usually done using the following 
parameters: continuous scan mode from 10° to 70°, sampling time of 1 second per 
step and step size of 0.1°. The results were then compared to the standard powder 
diffraction file [14] and the publications in the open journals, for determination of the 
phase composition, crystal orientation and lattice parameters of the films deposited.  
3.2.2 Scanning electron microscope and atomic force microscope  
In order to investigate the morphology and microstructure of the ferroelectric 
films deposited, we employed scanning electron microscope (SEM)
 
and atomic force 
microscope (AFM). Both SEM and AFM provide a convenient way to visualize the 
surface topography of BST and LSMO thin film, with no prior sample preparation 
required. While both SEM and AFM can be used to observe features such as defects, 
particulates and grain structure, SEM provides a rapid means of imaging both large 
and small surface area. Imaging with AFM is comparatively much slower and only a 
small section of the surface can be scanned at a time (maximum area of 90 × 90 μm2 
for the instrument used here). The main advantage of AFM lies in its ability to 
provide quantitative height analysis such as surface roughness.  
In SEM characterization, electrons are emitted from a very fine tungsten tip by 
applying a high voltage of several thousands of voltage to it. The electrons are then 
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focused through a series of magnetic lenses onto samples. The bombardment of the 
electrons will cause backscattered electrons and secondary electrons to be emitted 
from sample surface. These backscattered and secondary electrons are collected and 
analyzed. Since the backscattered and secondary electrons collected usually come 
from the surface of films, the image formed would normally reflect the surface 
morphology of samples observed.  
SEM equipment used in this study is JSM-6700F field emission scanning electron 
microscope (Jeol, Tokyo, Japan). It is equipped with a field emission electron gun of 5 
kV to 20 kV and a current of 5 mA to 20 mA, which can be adjusted depending on 
condition of the samples. Since ferroelectric materials are insulators, a very thin layer 
of gold or platinum was coated onto surface of the sample for better conduction of 
electrons before using SEM to image samples. The conductive coating prevents the 
build-up of electric charge on the sample to ensure the quality of SEM images.  
We used AFM to characterize the average surface roughness and the grain size 
distribution of our thin films. AFM images of the LSMO thin films presented in this 
dissertation were taken using the Digital Instruments Dimension 3000 atomic force 
microscope (Veeco Instruments Inc., New York, USA) at Department of Physics, 
National University of Singapore. 
AFM technique is also widely used to characterize surface morphology of thin 
samples [15].
 
In AFM characterization, a very sharp probe, in our case which is made 
of silicon nitride, is positioned on the surface of sample. A constant force is then 
maintained between the probe and the sample surface while the probe is scanned 
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across the sample surface. By monitoring the probe, a 3-dimensional image of the 
sample surface can be constructed. The constant force is maintained by measuring the 
level of the reflected laser from the probe with a “light lever” sensor. The signal is 
then fed into a feedback unit that controls the piezoelectric driver unit of the probe. 
The advantage of AFM over SEM is that the sample does not need to be conductive. 
However the resolution of the AFM highly depends on the surface roughness of the 
sample and the scanning areas of AFM are usually smaller compare to SEM.  
There are two operation modes, contact and tapping mode that can be used for 
scanning the surface of samples. Contact mode means that the tip of probe is scanned 
at a near proximity of sample surface. The feedback systems of the AFM monitor the 
force between the tip and the sample and adjust the piezoelectric driving unit 
accordingly. The advantage of contact mode is that one can obtain a better contrast 
and closer morphology details of the sample surface. However since the tip is placed 
very close to the sample, there are possibilities for tip to pick up sample debris and to 
lose contact when the surface is too rough. In tapping mode, the tip is oscillated at a 
frequency near the resonance of the AFM probe. The tip is then placed at a much 
elevated position on top of the sample. The AFM feedback systems monitor the 
changes in the resonance frequency and adjust the position of the tip accordingly. The 
advantage of the tapping mode is that one can prevent any scratching of the sample 
and maintain contact with the sample even if the surface roughness is large.  
3.2.3 Electrical and ferroelectric characterizations 
The dielectric properties of the ferroelectric thin films were characterized using 
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an HP 4194A impedance analyzer [16] and HP 8722D Vector Network Analyzer 
(VNA). The measuring frequency range of impedance analyzer is from 1 kHz to 13 
MHz while the frequency range of VNA is from 50MHz to 10GHz. The thin film 
samples were prepared with a capacitor sandwich structure. Ferroelectric films were 
deposited onto bottom electrodes of either metallic conductor such as platinum or 
conductive oxide such as LSMO. Au (gold) was then sputtered on top of the 
ferroelectric thin films as top electrodes.  
By using HP 4194A impedance analyzer, a probe station was used for the 
electrical measurement of the samples. The probe station has two traveling 
manipulators which can be adjusted in x, y and z directions with microscrews. A 
tungsten tip is attached at the end of each manipulator to provide electrical contact to 
samples. An optical microscope is equipped above the probe station to provide a 
magnified view for the positioning of the tungsten probes onto samples.  
By using HP 8722D VNA, a three-pin probe was used for measuring high 
frequency dielectric properties. The pin in the middle is connected to an electrode 
while the pins on both sides are connected to the other electrode. Also the optical 
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FABRICATION OF VARACTOR 
In this chapter, we mainly concern about the thin film deposition and structure 
characterization including XRD, SEM and AFM pictures. Three varactors were 
fabricated, using LSMO, Pt and Au as their bottom electrode respectively. Deposition 
and characterization of LSMO and BST thin film are discussed in detail. Au 
deposition is listed in appendix 2 because it is relative simple. 
4.1 Deposition of LSMO thin film 
4.1.1 Procedures and parameters of LSMO thin film deposition 
The brief introduction of PLD system and thin film deposition has already been 
presented in chapter 3. Detailed procedures of operating PLD are listed in appendix 1. 
In the present work, perovskite conductive oxides were chosen as bottom electrode 
besides conventional metal layer. Recently this issue has been extensively studied, 
and results of which have clearly shown the advantages in structure compatibility, 
chemical stability and fatigue-resisting property of conducting oxides like YBa2CuO7, 
(La, Sr)MnO3 (LSMO), LaNiO3 and SrRuO3 [1-3]. The lattice of LSMO a=b=3.85 Å 
while the lattice of BST is a=b=3.947 Å. The PLD system employed in this 
experiment has been employed to fabricate various high qualities epitaxial thin films 
[4-9]. The target used was a sintered BST ceramic, which had a composition of 
Ba0.5Sr0.5TiO3. The target-to-substrate distance was 4.3 cm. The incident angle of 
the laser beam with respect to the target surface was 45 degree.  
Polished (100) LAO single crystal substrate with a size of 5 mm × 10 mm × 0.5 
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mm was used as substrate. Before deposition, all LAO substrates were cleaned in 
acetone for 10 minute by ultrasonic vibration to remove residual oxide layer on the 
surface. A serious of temperatures were tested from 650°C to 750°C 
The crystalline phases and orientation of the films were characterized using X-ray 
diffraction (XRD) θ-2θ scan. Ferroelectric thin film with identical composition but 
deposited under different deposition condition can have very different complex 
permittivity due to structural effects such as defects, mechanical stress, and interface 
and surface behaviors. During the experiment, the temperature factor affects the 
quality of LSMO thin film most. So the present work specially studies the effect of 
deposition temperature on the morphology of LSMO thin film surface by AFM 
operating under tapping mode.  
4.1.2 Results and discussion 
Figure 4.1 shows the XRD patterns of the LSMO film deposited for 30 minutes, 
where only high and sharp (001) and (002) peaks of LSMO and peaks of the LAO 
substrate are observed. The film was well crystallized and oriented, as revealed by 
XRD analysis. Referring to the Bragg’s equation listed in chapter 3, nλ =2dsinθ and 
the lattice parameter of LSMO and LAO, 3.85 Å and 3.789 Å respectively, we can 
identify the angle of LSMO (00l) peak is smaller than that of LAO (00l) peak, where l 
is the integral index. For the same n and λ, 2dsinθ is kept as a constant. So if d is 
bigger, then the sinθ would be smaller. Then the θ would be smaller correspondingly. 
However, only the XRD graph is not sufficient to determine that quality of LSMO 
thin film is high enough to be used for the following growth of BST thin film. The 
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surface of LSMO is a key issue, too. Smooth surface will help BST thin film grows 
and crystallizes better.  
 
 
Figure 4.1 XRD θ/2θ scan of the LSMO film (900nm) deposited on (100)LAO 
substrate for 30 minutes at 750°C.  
AFM and SEM facilities are used to study the surface morphology of LSMO. The 
effect of temperature was investigated. Three LSMO/LAO samples are fabricated in 
650°C, 700°C and 750°C respectively. Figure 4.2 shows typical AFM micrographs of 




Figure 4.2 AFM pictures of surface morphology of LSMO at different temperature 
(A-1), (B-1) at 650°C; (A-2), (B-2) at 700°C and (A-3), (B-3) at 750°C. (A) are 3-D 
view pictures while (B) are top view pictures.  
The average roughness (Ra) of each sample has been obtained by the controlling 
computer, listed in table 4.1. 
Sample Name LSMO-1 LSMO-2 LSMO-3 
Average Roughness (Ra) 9.94nm 8.01nm 3.91nm 
Table 4.1 Average roughness of LSMO thin film deposited in different temperature. 
Clearly from Table 4.1, LSMO thin film deposited at 750°C is the smoothest thin film. 
As the temperature decreases, the roughness of the LSMO thin film increases and 
becomes more and more difficult to grow high quality BST thin film on it. High 
temperature would help improve lattice ordering. Since LSMO is forming columnar 
grains, size will be increased at higher temperature. Thus for the following fabrication 
of varactor, deposition temperature of 760°C for LSMO was chosen. 
4.2 Deposition of BST thin film at the top of different bottom 
electrode 
4.2.1 BST target preparation 
The targets used in PLD are usually prepared using the solid-state reaction 
method. While a single-crystal target is better, as a high-density target reduces the 
particulates in the resulting thin film, single-crystal form of multi-components targets 
such as Ba0.5Sr0.5TiO3 are usually not readily available or easily prepared. As such, 
solid-state reaction is the most commonly used synthesis method for preparing 
multi-components ceramic targets. The advantages of the solid-state reaction include 
the ready availability of oxide precursors, low cost and the precise weighting of the 
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reaction components. 
Solid-state target preparation of oxide target involves the repeated grinding, 
compaction, and sintering of the component oxides until a pure phase material is 
achieved. A common variation of this technique is the use of carbonates or oxalates as 
precursors for the oxides. Upon the first calcining, the precursors decompose into 
ultra fine grain oxide powders. The high reactivity of these powders helps the 
solid-state reaction process in the following sintering. As the solid-state reaction 
method depends on the inter-diffusion between the oxide powders, it is necessary to 
use fine, well-compacted powders and to sinter them at a temperature high enough for 
the diffusion length to exceed the particle size. 
The Ba0.5Sr0.5TiO3 targets were prepared using solid-state reaction of BaTiO3 and 
SrTiO3 powders with particle size of less than 2 micron and purity greater than 99.9 %. 
The BaTiO3 and SrTiO3 powders with the composition molar ratio of 5:5 were mixed 
evenly together by ball milling. The mixed powder was then heated at 1250°C for 2 
hours. The fired sample was ball milled again and the resulting powder is cold pressed 
into a disc shape target with a pressure of about 3000 kg/cm2 using a hydraulic press. 
The disc was then sintered in atmospheric environment with the following heating 
profile: 
z Heat from room temperature to 650°C at 5°C /minute, then maintain at 650°C for 
6 hours. 
z Heat from 650°C to 1425°C at 5°C /minute, then maintain at 1425°C for 24 hours. 
z Cool from 1425°C to 650°C at 5°C /minute, then maintain at 650°C for 6 hours. 
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z Cool from 650°C to room temperature at 5°C /minute. 
4.2.2 Thin film deposition 
Three BST parallel plate varactors using La0.7Sr0.3MnO3 (LSMO), Pt and Au as 
bottom electrodes were fabricated to carry on the study. The XRD of the multi-layer 
thin films of the three varactors is shown in Figure 4.3. The (00l) BST thin film 
(400nm) was grown epitaxially on LSMO and Pt, as having been reported by many 
groups [10]. The crystal parameters of LSMO and Pt are 3.85 Å and close to BST, 
making epitaxial growth possible. However, the BST thin film on Au has (111) and 
(200) peaks and thus multi-oriented.  
 
Figure 4.3 XRD of three varactors with different bottom electrodes, from top to 
bottom is BST/LSMO, BST/Pt and BST/Au.  
SEM cross-section views of the three varactors are shown in Figure 4.4. Clearly, 
the epitaxial BST thin film on both LSMO and Pt shows columnar grains and clear 
interfaces. On the contrary, the interface between BST and Au shows some defects. 
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Many ferroelectric thin film properties are dependant on the quality of the grown 
film [11, 12]. The dielectric constant of BST in BST/Au varactor is smaller than in 
the other two varactors because polycrystalline BST thin film has more defects than 
epitaxial ones. The thickness of each layer was also obtained from these SEM 
pictures. The Au bottom layer in BST/Au varactor is about 2 μm, approaching the 
gold skin depth at 10 GHz. Thus the effect of skin depth to the resistance is reduced 
significantly.   
 
Figure 4.4 SEM cross-section view of (a) BST/LSMO (b) BST/Pt (c) BST/Au 
varactor. 
Lithography and wet etching was used to pattern the top electrode. The detailed 
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CHAPTER 5:  
DIELECTRIC PROPERTIES OF THREE DIFFERENT 
BOTTOM ELECTRODE VARACTOR IN MICROWAVE 
FREQUENCY 
In ferroelectric varactors, common used structures are parallel plate structure 
electrode [1] and interdigital structure electrode [2, 3]. The former structure is for the 
measurement of out-of-plane dielectric properties while the latter one is for the 
in-plane dielectric properties. Comparing with the interdigital structure, the parallel 
plate structure needs much smaller applied bias to achieve a relatively high tunability. 
So the parallel plate structure was used to fabricate the varactor device.  
In this chapter, the characterization of Ba0.5Sr0.5TiO3 ferroelectric thin films and 
Ba0.5Sr0.5TiO3/LSMO, Ba0.5Sr0.5TiO3/Pt and Ba0.5Sr0.5TiO3/Au ferroelectric varactors 
are described. 
5.1 Dielectric constant under applied bias and microwave frequency 
Many efforts have been made in the characterization of the dielectric properties of 
ferroelectric thin films at microwave frequencies, and the methods developed 
generally fall into planar-circuit methods such as in [5-7] and near-field scanning 
microwave microscope methods such as in [8-10]. Figure 1 presents the most 
common used structure capacitor [11]. The former two are sandwich structure because 
there is a conductive layer called bottom electrode between the ferroelectric material 
and substrate. The latter two are two layer structure capacitors without the bottom 
electrode. 
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 Figure 5.1 Different types of ferroelectric capacitors: (a) parallel plate capacitor, (b) 
array of parallel plate capacitors, (c) interdigital capacitor, (d) air gapped planar 
capacitor (in all pictures black color represents conducting electrodes, grey for 
ferroelectric material and white for substrate). 
As mentioned at the beginning of this chapter, in the present work, a parallel plate 
structure was used to fabricate the varactor. Figure 2 shows a sketch of the 
cross-section view and top view of the whole varactor. 
 
Figure 5.2 Cross-section (left) and top view (right) of the top electrode. 
The pattern has a circle (marked as 1) at the center and a ring (marked as 2) around 
the circle. Comparing with other structure, the advantages of this circle pattern are (i) 
the outside ring may shield the electromagnetic noise. (ii) the electric field 
distribution in this pattern is regular and easy to calculate. (iii) it is easy to make 
high quality electrode with very small area. Two sizes of the pattern were used for 
different capacitance measurement apparatus. The big-size pattern is prepared for 
impedance analyzer because the signal from small sized electrode is comparable to 
the noise of impedance analyzer which renders the data to be indistinguishable from 
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the noise signal. The radius of the circle is 200 μm and the internal radius of the ring 
is 2000 μm with a 5000 μm external radius. On the other hand, the small-size pattern 
is designed for Vector Network Analyzer. The radius of the circle is 20 μm and the 
internal radius of the ring is 120 μm while the external radius of the ring is 500 μm. 
Microwave data was collected by HP 4194A impedance analyzer and HP8722D 
VNA with 3-pins measuring probe brought from GGB Industries, Inc. Figure 5.3 is a 
photograph of 3-pins probe on an X-Y-Z stage. The 3-pins probe simplifies the 
preparation steps for VNA measurement. The calibration is pinpointed right to the 
interface between top electrode of varactor and the three pins.  
 
Figure 5.3 Photograph of 3-spins system (a) magnified image of 3-pins probe (b) 
whole X-Y-Z stage.  
The dielectric constant and loss versus applied bias curve of BST/LSMO 
structure was measured by impedance analyzer at 0.1 MHz, shown as Figure 5.4. 
The dielectric constant at zero bias and 0.1 MHz is about 220 and the tunability is 
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50%. Comparing with the results from VNA presented as Figure 5.5, which shows a 
dielectric constant of 250 at zero bias and 200 MHz and a tunability of 52%, the data 
using big-size electrode pattern from impedance analyzer at 0.1 MHz is consistent 
with the data from VNA at 200 MHz. The small difference could be due to the 
experiment error. 
 




Figure 5.5 The dielectric dispersion on frequency of BST/LSMO varactor under 
different bias. 
There is a significant reduction of dielectric constant while increasing the 
frequency. In theory however, the dielectric constant should be independent of 
frequency. The reason will be discussed below. 
Before we start the discussion, we compare the frequency dependence of 
dielectric constant of the three structures in Figure 5.6. The dielectric constant of 
BST thin film from BST/LSMO and BST/Pt varactor is almost the same while that 
from BST/Au varactor is a little bit smaller at 200 MHz. This is due to the difference 
of crystal quality of BST on different bottom electrodes, as having been revealed by 
XRD and SEM results. 
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Figure 5.6 Dielectric constant versus frequency based on different bottom electrodes 
under zero bias. Black color presents BST/LSMO varactor, red color for BST/Pt 
varactor and blue color for BST/Au varactor. 
In the figure 6, there is an obvious dielectric dispersion [12] as a function of 
frequency for all the three varactors. In the frequency range from 200MHz to 10GHz, 
BST/Au varactor’s dielectric constant reduces the most slightly, only from 240 to 
170, followed by BST/Pt varactor. BST/LSMO varactor reduces the most heavily. 




j Cω≈ +  in order to pick out the resistance of the bottom 
electrode. The detailed derivatives of the equation are listed in appendix 4. The 
values of the three different bottom electrodes are listed in Table 5.1. The resistance 
of Pt and Au electrode is one order of magnitude lower than that of LSMO, with Au 
bottom electrode the lowest among these three. 
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Bottom electrode Resistance (Ω) 
LSMO 5.61 ± 0.029 
Pt 0.96 ± 0.0082 
Au 0.33 ± 0.0072 
Table 5.1 Resistance of different electrodes of three varactors. 
The behavior of dielectric constant versus frequency is different base on 
different bottom electrode. In the case that the bottom electrode is a perfect 
conductor, there is no voltage decrease along the length of bottom conductor. A 
sketch of the electric field distribution inside the varactor is shown on Figure 5.7 a). 
For the case of a varactor with electrode having lost mechanism, the electric field 
across the electrode become slanted (see Figure 5.7 b) due to the variation of voltage 
distribution across the bottom electrode. As a result, the effective d would become 
longer.  
 
Figure 5.7 Electric field distributions in a) ideal situation b) real situation. 
5.2 Loss tangent under microwave frequency 
Normally, the loss factor in the bottom electrode would increase as the applied 
frequency increased. The effective d would consequently be increased as the 
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frequency increases. In the measurement of varactors, we normally take the 
separation of the electrodes as a constant value d0. Therefore the frequency 
dependant formula for becomes( )C f 0
0
( ) ( )eff AC f f
d
ε ε= . In conclusion, the better 
the conductor, the lesser the dependent of dielectric constant on frequency. There is 
also an undulation in the dielectric constant under an applied bias. This is due to the 
acoustic resonance reported in Ref. 13.  
The loss of varactors with different bottom electrode was plotted in Figure 5.8. 
The loss of BST/LSMO varactor is very large, starting to beyond 1 at around 4 GHz. 
However, both BST/Pt and BST/Au varactor control their loss at small value and 
minimum loss of BST/Au is 0.014, measured at 0.2 GHz. It is close to the result 
reported by Prof. York group of the BZN/Au varactor’s loss which is around 0.008 at 
0.1 GHz. The maximum loss of BST/Au is 0.146 while it is 3.11 of BST/LSMO 
varactor measured at 10 GHz. Comparing with BST/LSMO varactor, BST/Au 
varactor’s loss is reduced significantly due to its remarkably reduced bottom 
electrode resistance, already shown in Table 5.1.  
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Figure 5.8 Loss versus frequency based on different bottom electrodes with zero 
bias. 
The loss tangent can be expressed as tanδ=ωCR. From this equation, there are two 
ways to reduce the loss tangent: either by decreasing the capacitance or by 
decreasing the resistance of the bottom electrode. Because the capacitance of parallel 
plate capacitor is 0 AC
d
ε ε= , ε0 is a constant, can not be changed; the thickness d is 
not a good choice because it is nonlinearly related to capacitance. The contribution 
of thickness d to the capacitance reducing becomes smaller and smaller while 
increasing the thickness. Meanwhile, electrode area A is difficult to be shrunk 
infinitely because of technical issues. Thus one reasonable way to reduce the 
capacitance is trying to reduce the resistance of bottom electrode. This conclusion 
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 CHAPTER 6: 
CONCLUSION ON VARACTORS STUDY 
In this thesis, the fabrication and characterization of three kinds of ferroelectric 
varactors BST/LSMO, BST/Pt and BST/Au were studied. 
The introductory applications of chapter 1 gave a brief review on ferroelectric 
microwave applications. Chapter 2 reveals the theory and previous work that has been 
done by other research groups. Chapter 3 described the PLD technique and the 
fabrication procedures used to produce the LSMO and BST thin films. Also the 
principle of characterization facilities such as XRD, SEM and AFM are introduced. 
Chapter 4 reviewed the characteristics of thin film structure and surface morphology. 
In chapter 5, the dielectric properties of the three varactors were examined.  
In the whole study, three parallel plate varactors with different bottom electrodes 
are fabricated using BST as the dielectric. The BST thin films are crystallized to have 
good tunability. The dependence of dielectric constant on frequency is explained by 
the electric field distortion due to the resistance of bottom electrode. Equation of loss 
related to the frequency, capacitance and electrode resistance was derived. The results 
of the varactor loss versus frequency demonstrate that the resistance of bottom 
electrode plays an important role in performance of the varactor in high frequency 
range. I hope that this study could provide some useful information of varactor 
performance in microwave application. The contribution of bottom electrode to the 
dielectric properties of varactor may help improve the design of microwave devices 
with better dielectric constant and lower loss. 
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The following major conclusions have been drawn from the results on the 
ferroelectric varactors in this thesis:  
1. Not only perovskite metal oxide material is the candidate for being the bottom 
electrode of BST ferroelectric varactor, but Pt is suitable for high quality BST 
thin film growth. 
2. The temperature affects the surface morphology of LSMO. Higher the 
temperature, smoother the surface of LSMO thin film grown.  
3. The dielectric constant dependence on frequency is due to the electric field 
distortion which results in a longer separation of the electrodes. To reduce the 
dependence of the dielectric constant on frequency, the resistance of bottom 
electrode must be reduced.  
4. The loss tangent is determined by the resistance of bottom electrode at high 
frequency. The study of ferroelectric varactors using the patterned top electrode, 
BST thin film and three different bottom electrode material including LSMO, Pt 
and Au are consistent with theory.  













List of publications by author 
1. Magnetoelectric effect in epitaxial Pb(Zr0.52Ti 0.48)O3/La0.7Sr0.3MnO3 composite 
thin film, Ma, Y.G.; Cheng, W.N.; Ning, M.; Ong, C.K. Source: Applied Physics 
Letters, v 90, n 15, 2007, p 152911 
2. Planar tunable high-temperature superconductor microwave broadband phase 
shifter with patterned ferroelectric thin film, Wang, P.; Tan, C.Y.; Ma, Y.G.; Cheng, 
W.N.; Ong, C.K. Source: Superconductor Science and Technology, v 20, n 1, Jan 1, 

















PROCEDURE FOR PULSED LASER DEPOSITION OF 
BST THIN FILM 
Precautions: 
• Turn on the “Laser in operation” warning light and wear the laser safety goggles 
whenever the laser is turned on. Do not operate the laser when there are people not 
wearing laser safety goggles in the room. 
• Wear clean powder-free latex or PVC gloves when handling anything in or will be 
going into the vacuum chamber. This is to avoid out-gassing from fingerprints. 
1. Open the valve on the oxygen cylinder and set the regulator output pressure at 2 
bar. 
2. Switch on the vacuum gauge. 
3. If the chamber had been previously pumped down, vent the vacuum chamber by 
opening the variable leak valve for the oxygen input. Fully close the variable leak 
valve when pressure within the chamber and the surrounding has equalized. 
4. Open the vacuum chamber and load the cleaned substrates onto the heater with a 
pair of tweezers. Paste the substrate with a thin layer of silver paste on the 
substrate hold (heater). Turn on the temperature controller and heater power 
controller. Set the temperature controller to ramp up the temperature of the heater 
to 100°C. Maintain for 10 minutes to dry the silver paste then turn off the 
temperature controller and heater power controller 
5. Close the chamber and fully open the gate valve. 
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6. Switch on the rotary vane pump. 
7. When the pressure in the chamber is less than 0.1 mbar, switch on the turbo 
molecular pump and turn on the cooling water. 
8. When the pressure of the chamber is less than 1×10-5 mbar, turn on the 
temperature controller and heater power controller. Set the temperature controller 
to ramp up the temperature of the heater to 760°C. 
9. Half close the gate valve. Open and adjust the variable leak valve so that oxygen 
pressure is at 0.2 mbar. 
10. Turn on the laser. The laser will take about 8 minutes to warm up before operation 
is possible. 
11. When the temperature is at 760°C, turn on the motor driving the rotation of the 
BST target. 
12. Set the laser to constant energy mode with per pulse energy of 230 mJ and pulse 
repetition rate of 3 Hz. 
13. Deposition duration of 30 minutes is required when fabricating BST thin film with 
thickness of 400 nm. 
14. At the end of the deposition period, stop the laser and the motor driving the target 
rotation. 
15. Set the temperature controller to ramp down to 700°C 
16. When the temperature is at 700°C, fully close the gate valve and open the variable 
leak valve to increase oxygen pressure to 1 bar. When the pressure is at 1 bar, shut 
off the variable leak valve. 
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17. Turn off the turbo molecular pump. Wait until the turbo molecular pump has 
automatically vented before turning off the rotary vacuum pump. 
18. Anneal the BST thin film at 700°C and oxygen pressure of 1 bar for 30 minutes. 
19. After annealing for 30 minutes, set the temperature to decrease to room 
temperature. 
20. When the temperature has dropped to room temperature, turn off the oxygen 
cylinder valve and cooling water. 
21. The substrate can now be taken out from the chamber. 
22. Turn off the laser. 
23. Open the gate valve and pump down the vacuum chamber to less than 1 mbar 
using the rotary vane pump. When pressure of less than 1 mbar is attained, closed 
the gate valve and turn off the rotary vane pump.  





















PROCEDURE FOR DEPOSITION OF GOLD FILM 
1. Clean the substrate by one minute immersion in acetone ultrasonic bath, followed 
by one minute immersion in high purity ethanol ultrasonic bath. Blow dried the 
substrate with compressed nitrogen gas immediately upon removal from ethanol. 
2. Visually inspect the surface of the substrate for the presence of particles e.g. dusts. 
If any particle is present, use compressed nitrogen gas to blow it off the substrate. 
3. Place and align the substrate on the copper aperture mask. 
4. Carefully load mask and substrate into the vacuum chamber of the ion sputtering 
unit (JFC-1100 Jeol, Tokyo, Japan) and inspect the alignment of the mask. If the 
alignment is correct, replace the bell jar of the vacuum chamber.  
5. Set the controls of the sputtering unit to the following: power at off, HV switch at 
off, HV control at 0 and Vacuum control at 10. 
6. Switch on the power. 
7. Allow the vacuum chamber to pump down for 5 minutes. 
8. Set the HV switch to DC. Gradually turn the HV control knob clockwise until the 
voltmeter indicates a reading of 500 V. If the ammeter reading is less than 2 mA, 
continue to step 9. If the ammeter reading is 2 mA or more, the vacuum is too low. 
Set the voltage back to 0 V and turn off the HV switch. Continue pumping for a 
longer period before repeating step 8. 
9. Rotate the vacuum knob and HV control knob clockwise until the ammeter and 
the voltmeter indicates 10 mA and 1200 V respectively. 
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10. Allow the deposition to continue for nine minutes to obtain gold film of about 100 
nm thick. 
11. After nine minutes, turn the HV control knob to 0 and turn the HV switch to off. 
12. Turn off the power and turn the vacuum knob fully clockwise to vent the vacuum 
chamber. 
13. When pressure in the chamber has equalized, the bell jar can be removed and the 
































PROCEDURE FOR PHOTOLITHOGRAPHY AND WET 
ETCHING OF SUBSTRATE WITH GOLD TOP 
ELECTRODE 
The following procedure is carried out in a darkroom with no UV light source 
such as white fluorescent lamp. 
1. Clean the substrate by one minute immersion in acetone ultrasonic bath followed 
by one minute immersion in high purity ethanol ultrasonic bath. Blow dried the 
substrate with compressed nitrogen gas immediately upon removal from ethanol. 
2. Load the substrate onto the spin coater (P6204, Specialty Coating System Inc., 
Indiana, USA). 
3. Visually inspect the surface of the substrate for the presence of particles e.g. dusts. 
If any particle is present, use compressed nitrogen gas to blow it off the substrate. 
4. Apply a few drops of photoresist (S1813, Shipley Co. Inc., Massachusetts, USA) 
onto the substrate. The photoresist should nearly cover the substrate surface but 
not overflow the edge. Spin the substrate at 6000 RPM for 60 seconds. 
5. Remove the photoresist coated substrate from the spin coater and bake dry the 
photoresist at 120 °C for 5 minutes in a preheated oven. 
6. Coat the second side of the substrate with photoresist by flipping the substrate 
over and repeating steps 2 to 5. 
7. Load the substrate onto the mask aligner (Q-2001CT, Quintel Corp., California, 
USA). Use the microscope on the mask aligner to check for the presence of 
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defects like voids, bubbles or particles on the photoresist layer. If the photoresist 
layer contains any defect near or within the boundary of the region with device 
pattern, rinse off the photoresist with running acetone and repeat the procedure 
from step 1. 
8. Load the soft mask onto the mask aligner. The printed side of the mask should be 
in contact with the photoresist. Check for the presence of particles on the mask by 
using the microscope on the mask aligner. If there is any particle, blow it off with 
compressed nitrogen gas. 
9. Align the mask and substrate. 
10. When the mask and substrate are aligned and in contact, expose the photoresist to 
UV light for 24 seconds. The UV light source on the mask aligner should be set to 
an output power of 250 W (note that the UV lamp should be allowed to warm up 
for at least 7 minutes before exposure to obtain the required intensity). 
11. Remove the substrate from the mask aligner. Immerse the substrate in the 
photoresist developer solution (Microposit developer, Shipley Co. Inc., 
Massachusetts, USA) for 30 seconds to remove the exposed photoresist. 
12. Thoroughly rinse the substrate with distilled water. 
13. Remove the edge bead (if any) by wiping with a fine cotton swab soaked with 
acetone. 
14. Etch away the unwanted region of the gold film by immersing the substrate into a 
KI (10 g), I2 (5 g) and H2O (500g) mixture for 20 seconds. 
15. Thoroughly rinse the substrate with distilled water. 
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APPENDIX 4： 
DERIVATIVE OF RESISTANCE OF BOTTOM 
ELECTRODE 







−Γ = +              (1) 
where Г is a complex number 




LZ Z +Γ= −Γ             (2) 




j C j Cω ω= + +     (3) 




= + , the total capacitance measured 




= + . Because C2 is much larger than C1, as 
we designed, C is approximately equal to C1. The input impedance can be 




j Cω≈ +           (4) 
C is a complex number which is 'C C jC ''= −        (5) 
Substitute equation (5) into (4), get 
2 2 2 2
'' '
( ' '' ) ( ' '' )
L
C CZ R j
C C C Cω ω= + −+ +              (6) 
Equation (2) and (6) is equal, thus we can get real part of capacitance. 
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For a parallel plate capacitor, the capacitance is determined by following equation 
0 AC
d
ε ε=               (7) 




ε ε=                (8) 
Substitute the  into equation (8) we can get the ferroelectric material’s dielectric 
constant 
'C
To get the resistance of bottom electrode, we use Origin program’s curve fitting 
function. Set up a function using the real part of equation (6), which is 
2 2
''
( ' '' )
Lreal
CZ R
C Cω= + +        (9) 
We have data of independent variable ω and coordinate variable LrealZ , so that we 
can get out the parameter R. The results are list below: 
Bottom electrode Resistance (Ω) 
LSMO 5.61 
Pt 0.96 
Au 0.33 
 
 68
